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Introduction
Water uptake during seed germination is triphasic, and imbibition is the first phase (phase I). It is usually rapid and involves the uptake of large volumes of water driven by differences in water potential between dry orthodox seeds and the medium (Weitbrecht et al. 2011) . Although considered to be fast, the duration of imbibition can vary because of several factors, such as the composition of the seed coat and seed reserves, humidity and ambient temperature, and water temperature (Soriano et al. 2011 ).
Because imbibition is a physical process that is driven by differences in matric potential (Ψ m ), it also occurs in dead seeds (Krishnan et al. 2004 ). However, it should be noted that during this phase, i.e., the beginning of rehydration, the metabolism of alive orthodox seeds, which was decreased before dispersal, is reactivated (Weitbrecht et al. 2011) , increasing respiration and initiating the germination process (Benamar et al. 2008) . Imbibition is of great importance for the germination process because seed metabolism is reactivated during this phase. For this reason, the duration of imbibition has been used to determine the duration of pregermination treatments, such as immersion in plant growth regulators (Amaro et al. 2009; Oliveira et al. 2010 ) and priming (Sharma et al. 2014 ).
However, the high rate of water entry into the seed that takes place during imbibition can damage the seed. Imbibition is therefore also a critical phase, during which irreversible damage to cell membranes may occur, as membranes change from a gel to a liquid crystalline state (Corbineau 2012) . This damage results in the electrolyte leakage, as sugars and amino acids leach from the cell, compromising germination (Kokubun 2013) . Decreasing the rate of water entry into seeds by changing the osmotic potential (Ψ s ) of the immersion solution has been used as a strategy to avoid this damage (Chen et al. 2013; Paparella et al. 2015) . Slower seed hydration allows more time for cell membrane repair and/or reorganization, reducing the risk of damage to the embryo (Varier et al. 2010; Sharma et al. 2014 ).
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However, similar to what is observed during long periods of flooding, we hypothesized that long periods of immersion, caused by the reduction in water acquisition speed, may result in seed stress due to low oxygen availability (hypoxia) in the medium under these conditions. Hypoxia results in the production of reactive oxygen species (ROS), such as the superoxide anion radical (O 2 -), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (OH -) (Jaleel et al. 2007 ). ROS may react with several biological molecules, such as DNA, RNA, carbohydrates, proteins (Job et al. 2005) , and lipids (Garg and Manchanda 2009) , and are detrimental to cell function. For example, ROS can react with lipids and induce lipid peroxidation, resulting in changes in membrane permeability, membrane degradation, or cell death (Greggains et al. 2000; Ratajczak and Pukacka 2005) . Oxidative damage of mitochondrial proteins may cause the disintegration of the mitochondrial matrix (Bartoli et al. 2004 ) and changes to mitochondrial membranes, affecting mitochondrial activity and resulting in decreased energy production (Yin et al. 2009 ). Plants control ROS by an antioxidant defense system that efficiently maintains ROS at non-toxic levels and includes the enzymes superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD) (Foyer and Noctor 2005) .
The aim of this study was to investigate whether increasing the time required to reach the level of the imbibition curve plateau (lag phase) by decreasing the rate of water uptake results in a decrease in germination and if this is associated with ultrastructural and metabolic damage of Annona emarginata (Schltdl.) H. Rainer seeds.
Material and methods

Seed Immersion
The Annona emarginata fruits were collected from matrix plants destined for the production of certified seedlings, belonging to the Secretary of Agriculture of the Government of the State of São Paulo, Brazil. Seeds with 10 % initial water concentration were subjected to imbibition at 25°C ± 2°C by seed immersion in water or a polyethylene glycol 6000 solution D r a f t 5 with a water potential of -1.2 MPa (Villela et al. 1991) to decrease the rate of water uptake.
Imbibition was stopped when the seeds reached 15 %, 20 % and 35 % water content, monitored by gravimetric method in a control sample.
Dissolved Oxygen Concentrations in Immersion Solutions
The dissolved oxygen concentrations in the immersion solutions were measured according to an electrometric method using an oximeter PHTEK DO-48 (Kayto Eletronics Inc., China). The results were expressed in milligrams of oxygen per liter of immersion solution (mg L -1 ).
Electrolyte leakage
Electrolyte leakage was determined at the end of the different seed immersion times by measuring the bulk electrical conductivity of the immersion solutions. The results are expressed in microSiemens per centimeter (µS cm -1 ).
Transmission Electron Microscopy
Analyses of seed ultrastructure were performed using transmission electron microscopy (TEM). The embryo axes and cotyledons were collected from seeds after each imbibition period (0 h, 122 h and 317 h) and were immediately fixed with 2.5 % glutaraldehyde (in 0.1 M phosphate buffer, pH 7.3), at 4 °C overnight, and post-fixed with 1 % osmium tetroxide (OsO 4 ) (in 0.1 M phosphate buffer) for 2 hours at room temperature. The samples were dehydrated in a graded acetone series and embedded in araldite resin. Ultra-thin sections were stained with uranyl acetate and lead citrate (Reynolds 1963) and were observed using a Philips 100 TEM microscope (Philips, Czech Republic) operating at 60 kV.
Determination of Malondialdehyde (Lipid Peroxidation)
The seed malondialdehyde concentrations were determined at the end of each immersion time according to Heath and Packer (1968) , in four replications with 32 seeds. The malondialdehyde concentrations were calculated using the extinction coefficient of malondialdehyde (155 mmol L -1 cm -1 ), and the results are expressed in nanomol of malondialdehyde per gram dry weight (nmol malondialdehyde g -1 DW).
Determination of Antioxidant Enzyme Activity: Superoxide Dismutase, Catalase and Peroxidase
Enzyme extraction was performed according to Kar and Mishra (1976) , in four replications with 32 seeds. Superoxide dismutase (SOD) (EC 1.15.1.1) activity was determined according to Peixoto et al. (1999) . Specifically, SOD activity was determined by measuring its ability to inhibit the photoreduction of nitroblue tetrazolium (NBT). Absorbance was measured at 560 nm using a spectrophotometer. SOD activity is expressed in unit per milligram protein (U mg -1 protein). One unit of SOD is defined as the amount of enzyme capable of inhibiting 50%
NBT photoreduction under the assayed conditions. Catalase (EC 1.11.1.6) activity was determined according to Peixoto et al. (1999) . Absorbance was measured at 240 nm using a spectrophotometer, and enzyme activity was calculated using the H 2 O 2 molar extinction coefficient (39.4 mmol L -1 cm -1 ). Catalase activity is expressed in nanomol H 2 O 2 consumed per minute per milligram protein (nmol H 2 O 2 consumed min -1 mg -1 protein). Peroxidase (EC 1.11.1.7) activity was determined according to Teisseire and Guy (2000) . The formation of purpurogallin was measured at 430 nm using a spectrophotometer. Peroxidase specific activity was calculated using the purpurogallin molar extinction coefficient (2.5 mmol L -1 cm -1 ) and is expressed in micromol purpurogallin per minute per milligram protein (µmol purpurogallin min
Seed germination tests were performed on the seeds subjected to the different water contents. When the seeds reached each of the water levels, five replications with 50 seeds were collected and were placed on filter paper for germination moistened with deionized water and kept in a germinator under an 8 h dark/16 h light photoperiod at 20 °C/30 °C (Costa et al. 2011 ).
Germinated seeds, defined by the appearance of a radicle at least 2 mm long, were counted every 2 days. Germination percentage, speed of germination index (Silva and Nakagawa, 1995) and average germination time (Edmond and Drapala 1958) were quantified.
Data analysis
The data were subjected to analysis of variance (F test) followed by Tukey's test at p<0.05.
Results
The seeds immersed in pure water (Ψw 0 MPa) reached 15 % water content after 4 hours of immersion, 20 % water content after 9 hours, and 35 % water content (end of imbibition, lag or plateau phase) after 122 hours. Decreasing the rate of water uptake by immersing the seeds in a solution with a Ψw of -1.2 MPa increased the time needed for the seeds to reach 15 %, 20 % and 35 % water content to 6, 16 and 317 hours, respectively. The dissolved oxygen concentrations decreased over time as the seed water contents increased, for both immersion solutions tested (0 and -1.2 MPa) ( Table 1 ). The dissolved oxygen concentrations were lower for the -1.2 MPa immersion solution, independent of the seed water contents. In these conditions, metabolic and structural changes take place from the start of imbibition, resulting in reduced germination when the imbibition time is extended causing irreparable damage.
The occurrence of seed damage caused by the duration of seed immersion was investigated through quantification of the leachate (Table 2) , oxidative system and lipid D r a f t 8 peroxidation (Table 3) . In seeds with 20 % water content, decreased germination resulting from damage caused by water entry was only observed at the lower rate of water uptake. Thus, after 9 hours of immersion in water (0 MPa) there was an increase in the leachate ( Table 2) that was accompanied by increased malondialdehyde (MDA) concentrations (Table 3) . However, increased SOD activity was observed in these seeds (Table 3) , which reduced the damage and maintained the germination percentage (Table 4) . At the lower rate of water uptake (-1.2 MPa), both the leachate (Table 2 ) and MDA concentrations (Table 3 ) remained constant. However, electrolyte leakage in these seeds was higher than that in the seeds immersed in water (0 MPa) from the beginning of imbibition (15 % water content).
At the end of imbibition (35 % water content), metabolic damage and ultrastructural seed damage were observed with both natural (shorter time: 122 hours) and decreased rates of water uptake (longer time: 317 hours). However, the damage was more severe in the seeds at the lower rate of water uptake (-1.2 MPa), resulting in lower germination percentages (15 %) than the seeds immersed in water (0 MPa) (42 %) ( Table 2 ). The seeds with the slower imbibition (317 hours) also presented the highest MDA concentrations (10.5 nmol g -1 DW; Table 3 ), indicating more severe damage of the cell membrane. In these seeds, the SOD activity was low, and only the POD activity increased. This was not sufficient to control the ROS levels and resulted in higher lipid peroxidation. No changes in the CAT activity were observed for any of the tested imbibition conditions. Table 2 ).
The ultrastructural and metabolic damage observed in the seeds immersed until the end of imbibition (35 %), at both rates of water uptake tested (immersion solution with 0 MPa or -1.2 MPa), negatively affected germination (Table 4) , resulting in a lower germination percentage and speed of germination index (SGI), and a higher average germination time (AGT). For the seeds immersed in water (0 MPa), the germination percentage decreased from 67 % (for seeds with 10 % water content) to 42 % (35 % water content), the SGI decreased from 1.54 to 0.74, and the AGT increased from 24 to 30 days. These changes were even more pronounced for the seeds with a lower rate of water uptake and a higher immersion time (317 hours), which had 15 % germination, an SGI of 0.17, and an AGT of 45 days. Several cellular and metabolic events therefore indicated that seed damage negatively affected germination.
D r a f t
Discussion
The present study confirms the importance of generating a seed imbibition curve to determine the duration of treatments involving seed immersion in aqueous solutions (Braga et al. 2010; Gimenez et al. 2014a; b) . It is also important to understand the metabolic processes occurring at different seed water contents until the end of imbibition to avoid wrongfully interpreting the results.
The first increase in seed respiration and, therefore, in mitochondrial activity usually occurs when seeds reach 20 % water content (Patanè et al. 2006 ). The mitochondrial respiratory chain is the major source of ROS in cells (Rhoads et al. 2006) . The ROS increase due to higher respiration, resulting in increased membrane damage as indicated by higher concentrations of MDA, which is a by-product of membrane lipid peroxidation (Liu et al. 2009 ). This increase in lipid peroxidation coincided with an increase in electrolyte leakage, confirming membrane damage. Higher SOD activity was also observed in these seeds, which effectively lowered ROS to non-toxic (less toxic) levels, avoiding even greater damage.
In contrast, decreasing the rate of water uptake to reach 20 % water content may have resulted in lower oxygen availability in the imbibition solution, which may have prevented increases in respiration. This resulted in lower ROS production and lipid peroxidation.
However, if respiration did not increase, seed metabolism may have remained unchanged, which would explain the decrease in germination percentage. Although lipid peroxidation was lower, which would suggest lower membrane damage, electrolyte leakage was higher. The present results therefore show that decreasing the rate of water entry into the seed does not always prevent the occurrence of irreparable damages caused to the membrane system, and consequently, germination is not guaranteed.
Damage caused to the cell membranes of the seeds immersed for 122 hours (0 MPa; 35 % water content) resulted in higher electrolyte leakage from the cells into the medium and decreased the germination percentage. Similar results have been observed in previous studies D r a f t 11 (Weitbrecht et al. 2011; Ocvirk et al. 2014 ). In the seeds immersed for 317 hours, the decrease in the rate of water uptake and resulting increased time of immersion required to reach 35 % water content further affected membrane integrity, as indicated by the higher electrolyte leakage (0.264 µS cm -1 g -1 , increase of 60% in relation to the control). Higher electrolyte leakage may also be related to seed deterioration (Corbineau 2012) , which could have resulted from the long immersion time in the solution with low oxygen availability. In addition, analysis of the cell ultrastructure showed the breaking of the membranes of the sugar-containing storage vacuoles, which coincided with the increased electrolyte leakage. The decrease in the amount of sugars available as an energy source for the maintenance of embryo metabolism and growth therefore resulted in the lowest germination percentages observed (15 %).
The seeds immersed for 122 hours (faster imbibition, 0 MPa, 35 % water content)
presented lower lipid peroxidation because of higher SOD and POD activities. These two enzymes effectively controlled the ROS levels but were not able to prevent increases in the leachate. In contrast, lipid peroxidation may have increased in the seeds immersed for 317 hours (slower imbibition, -1.2 MPa, 35 % water content) because of the increase in ROS caused by changes in mitochondrial membranes (Yin et al. 2009 ). In these seeds, the antioxidant defense system did not appear to be sufficient to control the ROS level because only the POD activity increased; the SOD and CAT presented low activities. Thus, as mitochondria are a potential source of O 2 -and its elimination is performed by SOD (Mittler 2002) , the ROS levels remained high, resulting in higher lipid peroxidation.
The damage caused by the long seed immersion times was visualized through the analysis of the embryo cell ultrastructure. Cellular damage that results in modifications to the mitochondrial structure, such as decreased or absent cristae and membrane disorganization, may affect oxidative phosphorylation, during which ATP is produced (Frey and Mannella 2000) .
Similar mitochondrial damage has been observed in seeds of Glycine max L. subjected to imbibition at low temperatures (Yin et al. 2009 ). The authors noted that because the embryo D r a f t 12 does not possess chloroplasts for photophosphorylation and mitochondria are the main energy source during imbibition, this damage resulted in low ATP availability.
Furthermore, similar to flooding, immersion for long periods of time subjected the seeds to hypoxia, even with the use of artificial aeration. Therefore, in addition to the mitochondrial damage, the oxygen availability was also lower. This compromised ATP production because oxygen is the final electron acceptor in oxidative phosphorylation (Gupta et al. 2009 ). The cumulative effect of these factors could decrease ATP production to levels lower than the cell demand, compromising the seed metabolism. The maintenance of seed metabolism and survival under hypoxic conditions is directly related to the capacity to produce energy under these conditions (Shingaki-Wells et al. 2014) . We can therefore conclude that in addition to electrolyte leakage and inefficiency of the antioxidative system, decreased energy production because of mitochondrial damage and hypoxia resulted in decreased germination of the A. emarginata seeds.
We therefore highlight that the maximum immersion time that does not cause seed damage needs to be determined for each species. For species that take up water slowly, such as A. emarginata, seed immersion until the end of the imbibition phase (phase I) mostly damages mitochondria and cell membranes. If the rate of water uptake is decreased, increasing the imbibition time, the damage increases further. However, for seeds with a faster rate of water uptake and a shorter imbibition phase, such as A. squamosa (5 hours) (Ferreira et al. 2002) and A. cherimola x A. squamosa (36 hours) (Braga et al. 2010; Oliveira et al. 2010) , immersion until the end of imbibition is not detrimental and results in high germinability. In summary, the knowledge that slow imbibition up to the lag phase of the seed imbibition curve causes ultrastructural damage and changes to the metabolism of A. emarginata seeds, even with the use of an artificial aeration system, explains the low germination percentages of some plant species when seeds are subjected to long periods of immersion, especially species with slow imbibition. ) Ultrastructural changes in cell organelles after 317 hours of immersion including non-uniform cell walls (cw) with signs of degradation and disruption of sugar-containing storage vacuoles, more abundant mitochondria (mi), with an irregular shape, poorly developed cristae, and limited distinction between the internal and external membranes than unimbibed cells. Scale bars are 5 µm (A, D); 0.6 µm (B); 0.5 µm (C, F); 2 µm (G, I); 500 nm (E, H).
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